Objective: To examine the association between cognitive function and dementia with vitamin D concentration in adults.
Vitamin D insufficiency may be a modifiable risk factor for dementia as the role of vitamin D in brain function is becoming clearer. 1, 2 At the molecular level, the brain has the ability to synthesize the active form of vitamin D (1,25-dihydroxyvitamin D) within many cell types and regions with predominance in the hypothalamus and the large neurons within the substantia nigra. 3 Many genes are regulated by vitamin D allowing cells to synthesize relevant products in response to routine signals and stimuli, demonstrating that vitamin D acts as an autocrine and paracrine agent. 4 Functionally, vitamin D contributes to neuroprotection by modulating the production of nerve growth factor (NGF), 5 neurotrophin 3, 5 glial cell derived neurotrophic factor (GDNF), 6 nitric oxide synthase (iNOS), 7 and choline acetyl transferase.
Low vitamin D concentrations are prevalent worldwide for all age groups. 9 Two recent systematic reviews examined the association between vitamin D and cognitive performance, 10, 11 but found insufficient evidence to make a conclusion. Both studies were limited in their scope of study inclusion, and provided no meta-analysis. Therefore, to understand better the association among vitamin D concentration, cognitive function, and dementia, we examined the evidence explicitly, by conducting a comprehensive systematic literature review and meta-analysis.
METHODS
The systematic review was conducted with a prospective protocol and data and managed using the Web-based systematic review software SRS 4.0 (Mobius Analytics, Ottawa, Canada).
Literature search strategy. To identify all relevant primary studies we developed a comprehensive literature search strategy in collaboration with a professional research librarian. To increase the comprehensiveness of our review 12, 13 we searched MEDLINE, EMBASE, AMED, PsychINFO, and the Cochrane Central database, restricting only the end date to August 31, 2010 . The search strategy used subject headings and text words for "vitamin D" and "cognition," using both common and chemical names for vitamin D. For example, cognition search terms included subject headings of "dementia," "cognitive disorder," "cognition," "delirium," and key words such as "memory," "executive function," "global impairment," "Alzheimer," and "neuropsychological test" (see appendix e-1 on the Neurology ® Web site at www.neurology.org for the detailed search strategy). We reviewed reference lists of included articles and previous systematic reviews for additional relevant citations.
Study selection and data abstraction. Eligible studies were selected in 2 stages, first by screening title and abstracts for relevance followed by full text review. Any published Englishlanguage study examining the relationship between vitamin D and cognition in human adults (Ͼ18 years) was considered for inclusion. A vitamin D measurement was necessary to assess accurately vitamin D status. We accepted all validated neuropsychological tests (e.g., global function, executive function, psychomotor speed, attention, memory, or intelligence) as measures of cognitive function. Any recognized diagnostic criterion for dementia was accepted. All studies with a comparative group (randomized controlled trials [RCTs], cohort, case-control, and cross-sectional studies) were eligible. Data abstraction included information on study design, study setting, population characteristics, vitamin D type and method of analysis, cognitive measures, and statistical methods. At both stages, 2 of the authors reviewed each citation. Conflicts were resolved between reviewers or by group consensus.
Assessment of methodologic quality. Five domains were used to assess study quality: population, outcome, exposure, statistical analysis, and the specific domain of randomization for RCT studies. Key elements for these domains were adapted for assessing quality of diagnostic tests, from the Newcastle-Ottawa quality assessment scales for case-control and cohort studies, 14 the Jadad scale 15 for RCT studies, and the Quality Assessment of Diagnostic Accuracy Studies for diagnostic accuracy studies. 16 Each quality item was rated as met, unmet, or unclear. For the item "missing data reported," the rating of "not applicable" was given if there were no missing data. An overall quality score was not calculated. Heterogeneity was assessed using a test based on the deviations of the individual study estimates from the summary estimate of effect 17 and quantified using the I 2 , which describes the proportion of the variance due to heterogeneity among studies rather than sampling error. 18 An I 2 Ͼ50% is considered to represent substantial heterogeneity. 19 Random effects meta-analyses 20 for the weighted mean difference and Hedge's g were conducted using MetaAnalyst 3.0. 21 All p values are 2-sided and confidence intervals (CIs) represent 95% CIs. Funnel plots were used to assess potential publication bias.
There were sufficient data to conduct 2 meta-analyses. The first compared the mean 25(OH)D concentration between Alzheimer disease (AD) and control groups. We included only studies using the diagnostic criteria of the National Institute of The second meta-analysis compared mean MMSE scores between individuals with vitamin D Ͻ50 and Ն50 nmol/L. The vitamin D cutpoint of 50 nmol/L was selected, as it was the most common cutpoint reported in these studies, and is commonly used to define vitamin D deficiency. 22 If an article presented data using 2 cutpoints (e.g., Ͻ25, Ն25-50, and Ն50 nmol), a weighted mean MMSE and SD were calculated collapsing the groups into Ͻ50 and Ն50 nmol/L. An additional analysis was conducted to compare the extreme groups (Ͻ25 and Ն50 nmol/L) where data permitted. Authors were contacted when complete data were not available. Of the 11 authors contacted, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] 8 provided additional data. [23] [24] [25] [26] [27] [28] [29] [30] 33 One author 25 also provided data for additional participants (n ϭ 23) and for a comparison group (n ϭ 63) not included in the original publication.
Subgroup and sensitivity analyses. To explain heterogeneity, we determined a priori the following subgroups: study design (cross-sectional, case-control), type of vitamin D assay (radioimmunoassay [RIA], competitive protein binding assay [CPBA], ELISA), percent female (Ͻ50%, 50%-99%, 100%), and adjusted for potential confounders (effect estimates adjusted for at least age and sex). For AD vs control analysis, we based additional subgroups on the diagnostic criterion (NINCDS-ADRDA, DSM, or other) and the type of control group (community-based, clinic-based, and other). Subgroup effect estimates were compared using Wald-type tests. 17 When heterogeneity was not explained by the a priori subgroups, other a posteriori subgroups were considered as a sensitivity analysis to determine the impact of exclusion of specific studies on the overall estimate of effect. Sensitivity analyses were conducted to examine the effect of including "any dementia" instead of a diagnosis of AD, and using any cognitive screening measure (Short Portable Mental Status Questionnaire and Abbreviated Mental Test) instead of the MMSE. Because the cognitive screening instruments have different scales, the sensitivity analysis was performed using Hedge's g. Figure 1 describes 55 Similar results were found for both types of vitamin D.
RESULTS
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Of the 24 studies that included a test of cognitive function, the most commonly used test was the MMSE (n ϭ 12). Domain-specific measures included memory/ learning, attention/processing speed, language/verbal fluency, executive function, and intelligence. Of the 15 studies that used domain-specific tests, there were in total 40 diffferent types. Few studies included more than 1 to 3 domain-specific tests.
In most cases, the relationship between vitamin D and cognition was assessed by comparing either mean vitamin D concentrations between patients diagnosed with dementia and controls, or mean neuropsychological test scores between vitamin D groups (cutpoints or percentile). Of the 10 studies that used a control group, 6 were compared to an AD group and 4 to another dementia group. Sixteen studies evaluated 1 or more cognitive measures compared to 1 or more vitamin D groups. Twenty-four studies provided effect estimates adjusted for at least age or sex (either by study design or analytically). Twelve studies included adjustment for additional factors which included season, sunlight exposure, site/center, alcohol, smoking, body mass index, cognitive score (baseline), diabetes, hypertension, chronic diseases/morbidity, physical activity, physical performance, education, energy intake (total), multivitamin use, vitamin E intake, self-reported health, instrumental activities of daily living, impaired mobility, race/ethnicity, depression, psychoactive drugs, kidney function, and biochemical measures of albumin, apoE, B1, B6, B12, calcium, homocysteine, and PTH. Five of the 12 studies adjusted for seasonal variation of vitamin D.
Quality assessment. Figure e-1 provides a summary of commonly related sources of bias according to study design, except for the 1 before-after and 2 cohort studies. The most common unmet or unclear items concerned blinding, as it was unclear whether the laboratory which measured vitamin D was aware of the cognitive status associated with the samples, or if assessors of cognitive function were aware of the vitamin D status of the participant. In 12 of the 20 crosssectional studies, 24,26 -29,35,36,40 -44 it was unclear whether the participants were representative of the population from which they were recruited. In 4 of these 12 studies, 26, 29, 37, 44 there was no adjustment for age and gender as confounders. Most studies reported no missing data, or explained how those with missing data differed from those with complete data. For the 3 RCTs the major quality issue was failure to report how vitamin D was measured (n ϭ 2). One cohort study 32 included some participants who had the outcome.
Cross-sectional and case-control studies. Six studies, 35, 46, 47, 50, 53, 54 comprising data from 888 participants, demonstrated a lower mean 25(OH)D concentration in patients with AD than in controls (figure e-2). The mean difference was Ϫ15.0 nmol/L 25(OH)D (Ϫ26.2, Ϫ3.9); however, there was statistically significant heterogeneity (I 2 ϭ 0.96; p Ͻ 0.001). Despite this heterogeneity, all studies except 1 indicated a lower vitamin D concentration in patients with AD compared to controls. The heterogeneity among these study results is explained by the type of vitamin D assay. The difference in vitamin D concentration between AD and control groups in the studies using the CPBA method was Ϫ32.6 nmol/L (Ϫ39.6, Ϫ25.5), significantly greater than the difference in studies using an ELISA method (Ϫ2. 3 figure 3 ). Taken together, these studies showed a higher average MMSE score in those participants with higher vitamin D concentrations. The average difference in MMSE score was 1.2 (0.5, 1.9), although there was statistically significant heterogeneity (I 2 ϭ 0.65; p ϭ 0.002). Most studies indicated small positive differences between groups. None of the a priori subgroup analyses were able to explain the heterogeneity Figure 2 Vitamin D concentration in Alzheimer disease and control groups among studies. The 2 studies which had the greatest group difference 24,29 also had the lowest MMSE scores in the Ͻ50 nmol/L group compared to the other studies. Including studies using any general cognitive screening measure along with MMSE did not change the results substantially (data not shown). There were 2 studies containing the same cohort of data (InCHIANTI): 1 was cross-sectional 38 and the other longitudinal. 57 Slightly fewer participants were included in the longitudinal study since at least 1 follow-up visit was required. Substituting this subgroup in the analysis increased the average difference slightly to 1.4 (0.8, 2.1).
Seven of 8 studies 24, 25, 29, 35, 38, 43, 60 provided data which allowed comparison of the 2 extreme groups of vitamin D (Ͻ25 nmol/L and Ն50 nmol/L). The mean difference in MMSE between these groups was 1.4 (95% CI 0.6, 2.1), with some heterogeneity (I 2 ϭ 0.50; p ϭ 0.04). These studies also revealed a mean difference in MMSE score of 1.3 (0.5, 2.0) when comparing the Ͻ50 nmol/L to Ն50 nmol/L groups (I 2 ϭ 0.67; p ϭ 0.02). There was no evidence of publication bias for meta-analyses shown in figure e-3.
Cohort studies. The 2 cohort studies 32,57 had very similar characteristics, but the results were conflicting. Both included individuals over 65 years, assessed cognition using the MMSE (or 3MS) and Trails part B (1 study also included Trails part A), 32 and performed multivariate regression with 25(OH)D quartiles adjusting for many factors (6 were common to both). One study included only males, 32 and reported no significant association between vitamin D quartile and baseline cognitive impairment or incident cognitive decline. In the other study, 57 the mean follow-up period was shorter (2 years vs 4.6 years), and the lowest 25(OH)D quartile was different by one-half. In this study, participants deficient in 25(OH)D (Ͻ25 nmol/L) experienced an increased risk of substantial cognitive decline over 6 years, compared to those with sufficient concentrations (Ͼ75 nmol/L) (multivariate adjusted RR ϭ 1. RCT studies. The intervention in 2 of the RCTs was a supplement containing various nutrients in addition to vitamin D 33, 59 and only 1 study treated with vitamin D alone. 58 In this study, long-stay patients with baseline 25(OH)D Ͻ40 nmol/L were treated with 9,000 IU vitamin D 2 for 8 -40 weeks or placebo (lactose tablets). No significant difference for the single cognitive measure (mental assessment score) was found between groups, but the number of participants was extremely small (n ϭ 82). Our results differ from 2 other published systematic reviews of vitamin D and cognitive performance. 10, 11 Barnard and Colon-Emeric 11 suggested that cognitive function measured by MMSE was not associated with 25(OH)D concentration although their conclusions were based on whether the relationship between vitamin D and cognitive test scores in the original studies was statistically significant. Since statistical significance depends on sample size, solely focusing on this criterion could mask a small consistent effect in underpowered studies. As well, several factors limited the comprehensiveness of the prior reviews. Annweiler et al. 10 searched Medline, PsychINFO, and the Cochrane Library, including all adults, but restricted studies to those which used regression models to investigate the relationship between vitamin D and cognition. The review by Barnard and Colon-Emeric 11 was 6 months longer, limited databases to PubMed and Web of Science, and included only adults 65 years of age or older. We were more comprehensive in our search strategy (including 5 databases) and in our inclusion criteria which resulted in a larger number of articles screened (3,229 compared to 99 for Annweiler et al.) and studies included (37 compared to 5 for both Annweiler et al. and Barnard and Colon-Emeric). Including a broader range of studies allowed us to perform meta-analyses to clearly identify research gaps and to explore and empirically test potential sources of heterogeneity.
DISCUSSION
Our meta-analysis comparing cognition (using MMSE) to 25(OH)D provided suggestive evidence of an association; the nature of the relationship is unclear. Most studies did not perform regression analysis to provide an answer to this question. Of the 5 studies that did use regression models, 3 28, 57, 62 found the relationship to be linear, but 2 found no relationship. 32, 40 This discrepancy may be a function of the type of cognitive measure assessed. Little is known about the function of vitamin D in relationship to the different cognitive domains. The potential for a nonlinear relationship is also a possibility. The relationship between vitamin D and its effect on parathyroid hormone (PTH) is hyperbolic and data from the European Male Ageing Study 39 found the relationship between 4 cognition test scores and 25(OH)D to exhibit a threshold at 35 nmol/L.
We also found that the method of 25(OH)D measurement was an important determinant of heterogeneity. The CPBA method explained the heterogeneity in the meta-analysis comparing AD to control groups (figure e-2). This method has since been withdrawn from the market due to accuracy issues. The analytical measurement of 25(OH)D is difficult and both between method discrepancies 63 and within the same method over time 64 have been described. Standardization and harmonization of 25(OH)D methods is currently being addressed, 65 but in the interim, it is important to consider the type of analytical method being used when comparing results from different studies.
In addition to the analytical difficulties, assessment of vitamin D status is also a problem as measured vitamin D reflects exposure which may vary throughout the year. Most vitamin D is obtained endogenously when the skin is exposed to UVB. People living above the latitude of 33°north will receive sufficient radiation only between 10 AM and 3 PM from April to September. 66 Exogenous sources of vitamin D come from natural (e.g., salmon, sardines, and tuna) and fortified foods (e.g., milk products) as well as supplements. Other factors affecting vitamin D concentration include higher skin pigmentation, older age, and female gender. Genetic factors are also likely to contribute to the vitamin D status. 9 There is no time-integrated measure of vitamin D concentration or stable biologic response gauge to more accurately assess how much vitamin D a person is exposed to. Many of the studies in this systematic review did not consider factors which can vary vitamin D status. Furthermore, individuals who have cognitive decline are more likely to have poor nutrition and spend less time outdoors. These limitations contribute to the uncertainty in the primary study results and our meta-analyses. It is therefore impossible to rule out reverse causality as an alternative explanation.
This systematic review provides sufficient evidence to warrant further investigation to determine if a cause and effect relationship exists between vitamin D and cognitive impairment. To date, no treatment study has examined this question where both vitamin D and cognition were measured over a sufficient period in a large at-risk population.
